Introduction
Magnetic nanoparticles (MNP) enable a wide variety of biomedical applications [1, 2] . They are for instance used in magnetic hyperthermia as heat sources for the destruction of tumors [3] [4] [5] and in drug targeting as drug carriers [6] [7] [8] . Aforementioned applications require the knowledge of the spatial distribution of the MNP because only malignant tissue should be targeted. In this study, two techniques are considered for retrieving this spatial distribution, namely magnetorelaxometry (MRX) imaging [9] and electron paramagnetic resonance (EPR) [10] . In the first approach, a volume containing MNP is placed in a homogeneous magnetic field. The magnetic field is switched off and a decaying signal, the MRX signal, originating from the MNP sample can be measured using sensitive magnetometers such as SQUIDs [11] or Fluxgates [12] . MRX has been successfully used in many biomedical applications before [13] [14] [15] [16] [17] [18] . Recent advances in MRX imaging include the development of a coil array MRX imaging setup, resulting in improved MNP reconstructions with a finer resolution [19] . Moreover, these coils can be activated randomly [20] or in specific adaptive sequences [21] to increase the MNP reconstruction quality further. In EPR, the sample is again placed in a homogenous magnetic field but additionally excited by a radio frequency wave that brings the MNP's magnetic moments into resonance. The magnetization of the resonant MNP is then measured by a pick-up coil [10] . EPR is a very sensitive, direct and selective technique for MNP quantification in vitro and ex vivo in small samples without the need of extensive sample preparation [22] . Recently, EPR imaging was introduced in which the technique was used to reconstruct the spatial MNP distribution in a sample in 1D [23, 24] which was later extended to 3D [25] . The technique was further improved and sped-up by employing magnetic field gradients instead of a homogenous magnetic field [26] .
Both measurement techniques solve an ill-posed inverse problem, so to relate a spatial MNP distribution to the measurements. The measurements can be simulated as outputs by means of a physics-based forward model with input being a certain MNP distribution. The MNP distribution is found by minimizing the differences between the simulated output originating from this forward model, and the measured signal. To date, many measurement procedures and forward models are under investigation with the aim to stabilize the inverse problem and to increase the reconstruction quality of the MNP distributions [24, [27] [28] [29] [30] [31] . As both EPR and MRX result in distinct measurements (resonant magnetic signal, decaying magnetic signal), it can be assumed that the forward models generate distinct information about the MNP sample under study. By combining both models, independent information can be added and subsequently the stability of the inverse problem increased. This might result in improved noise robustness, enhanced MNP reconstructions, shorter measurement procedures and allows for the imaging of higher number of unknowns (i.e. larger volumes or finer resolution).
The goal of this paper is to investigate how above mentioned modalities, each of them ill-posed inverse problems, need to be combined to improve the reconstruction of MNP distributions. The performance of both measurement techniques is first numerically compared on various MNP phantoms for different noise levels (3400 simulated configurations) by calculating stability and sensitivity parameters and investigating the reconstruction quality of the MNP distributions. Then the effect of various combinations of both modalities is explored to take advantage of the respective strengths of EPR and MRX so to ultimately increase the overall imaging performance. It is found that the combination of EPR and MRX, further referred to as EPR-MRX, results in an increase in MNP reconstruction quality, stability of the inverse problem, performance and a tremendous reduction of measurement time. These advantages offer promising opportunities for MNP visualization in clinical practice.
Methods

EPR forward model
In an EPR experiment, a sample containing MNP is placed in an external magnetic field and additionally excited by a radio frequency wave. The frequency is chosen with the intention to bring the MNP's magnetic moments into resonance such that the resulting total magnetic moment precesses around the direction of the external magnetic field at a fixed angle. The component orthogonal to the direction of the applied field, measured by a pick-up coil, is proportional to the amount of MNP [10] . The EPR signal in the pick-up coil originating from a MNP amount c v at a certain position (labeled as index m) depends on its distance with respect to the excitation coil and pick-up coil and the local magnetic field amplitude B at this position m [25, 26] . This function is called the EPR response function, R(m, B(m)) and is obtained by measuring a known MNP amount at different positions m for different magnetic field amplitudes. Note that the response scales linearly with the MNP amount.
In total M EPR measurements are performed for different positions of the MNP sample (trough rotation and translation of the sample) and for spatially varying magnetic fields. These EPR measurements can be simulated using a forward model:
× matrix with sensitivity constants, embedding the link between the MNP distribution and the measurements in the pick-up coil. In practice the elements in L EPR are obtained by calculating the corresponding response values for the position of each voxel in each measurement (r v ) and the magnetic field at this voxel (B r v ( )), with r v or B r v ( ) changing from measurement to measurement. The approach is detailed in [25, 26] . As can be observed from equation (1) , it is important to know the response values very accurately. How errors in the response function, with respect to the actual MNP response, affect the image quality has been investigated in [24] .
MRX forward model
In a MRX experiment, the MNP sample is first placed in an external magnetic field H to align the magnetic moments of the MNP to the direction of H, then the magnetic field is switched off and a relaxometry signal is observed with magnetometers. In computer simulations the decaying signal in a magnetometer (designated by the label s) of an amount of MNP, c v in a voxel v with spatial location r v is modeled as follows [19] : 
V MRXsv is the amplitude decrease of the relaxometry signal between two time points t 1 and t 2 , 0 µ is the vacuum permeability, r s is the position of the magnetometer with sensitive axis n s , χ is the magnetic susceptibility of the MNP and t t , 1 2 ( ) κ takes the temporal behavior, originating from Brownian [32] and Néel relaxation [33] of the MNP, between the two time points into account. H v is the external magnetic field at the position of the voxel. Equation (2) can be extended for S sensors and V voxels. H v depends on the external magnetic field generator, which does not necessarily produces a spatially homogeneous magnetic field. A coil array enables to generate different spatially varying fields by means of different excitation currents in the coils. A forward model similar to equation (1) can be obtained for the MRX modality:
L MRX has dimensions KS V ( ) × and is again a sensitivity matrix, V c MRX ( ) is a KS-dimensional vector representing the amplitude decrease in the S sensors for K spatially varying magnetic fields and for the MNP distribution in the V voxels, c.
EPR-MRX forward model
The measurement techniques presented in sections 2.1 and 2.2 are merged into EPR-MRX with their respective sensitivity matrices L EPR and L MRX (see equations (1) and (3)) joint into L EPR-MRX . This yields following forward model for
When fusing two complementary techniques, the associated inverse problem can be stabilized and subsequently the MNP reconstruction quality improved. The reconstruction quality as well as the stability of the inverse problem are quantified by different parameters presented in section 2.6. The increased stability may hold another advantage; the measurement time of both techniques can be significantly reduced by minimizing the number of spatially varying magnetic fields and/or the number of displacements of the sample (in EPR). Next to minimal sample movement and number of spatially varying magnetic fields, it is also possible to halve the measurement time by alternating the employed technique for each spatial field. For example in the case of a magnetizing coil array in which each coil is sequentially activated, MRX is employed after activation of coil 1, EPR is performed during activation of coil 2 and then MRX is again employed for coil 3. This alternation between both techniques continues until all coils have been activated once. We refer to this as EPR-MRX alternation. Together with minimal sample movement these are considered to reduce the measurement time.
Reconstruction procedure
Both techniques have a forward model being linear to the unknown concentration c. The MNP distribution c can then be recovered by solving an inverse problem:
with n referring to the employed technique i.e. EPR, MRX or EPR-MRX. The respective forward models can be found in equations (1), (3) and (4) and the respective measurements are represented as S EPR , S MRX and S EPR-MRX . The dimensionality of the sensitivity matrix L n determines the type of the inverse problem. If the number of measurements is smaller than the number of voxels, it is underdetermined and multiple solutions can be found for equation (5) . In the other case the problem is overdetermined and only an approximation of the solution is possible. In this paper truncated singular value decomposition is employed [34] :
parameter r is employed in finding this inverse, taking into account noisy data [23] .
EPR-MRX imaging setup and phantoms
The considered virtual EPR-MRX imaging setup is based on an existing MRX setup [19] and EPR setup [26] in order to perform realistic simulations. The external magnetic field is generated by 16 magnetizing coils, each having a diameter of approximately 1 cm and 9 winding turns. The MNP sample, the excitation coil (for generating the radio frequency wave) and the pick-up coil (for measuring the resonance signal), are positioned between 2 groups of 8 coils [26] . The sample is moved through the excitation and pick-up coils. Additionally, 304 SQUID magnetometers are employed for registering the MRX signal. They are placed according to the 304 low-Tc-SQUID magnetometers sensor setup in the physikalisch-technische bundesanstalt (PTB) in Berlin [35] . In this configuration, the sensors are arranged in four layers in a liquid helium Dewar vessel of 25 cm inner diameter. Figure 1(a) shows the complete EPR-MRX imaging setup. Only a limited number of SQUID sensors are shown (not to scale) because the diameter of the complete magnetic measurement system is significantly larger than the employed sample sizes. In EPR-MRX the sample is first imaged using EPR and then again the complete sample is measured with MRX. In the case of EPR-MRX alternation, each coil is activated separately and neighboring coils have a different measurement technique, i.e. the MRX signal is obtained after activating coil 1, while the EPR signal is measured during activation of coil 2. This allows to halve the required measurement time, see figure 1(b). A cylindrical tube consisting of different compartments allows the placement of various MNP amounts in each holder. In this proof of concept 5 cylindrical phantoms, each with different MNP concentration distributions, are numerically generated with the use of fractional Brownian motion [36] , see the example in figure 1(c) . This way clustered areas of MNP can be produced corresponding to i.e. MNP injection sites or MNP bound to interesting targets (tumors, enzymes,...). These phantoms were calculated for increasing tube lengths from 2 to 36 mm and a fixed diameter of 8 mm to investigate the stability of the considered techniques for increasing numbers of unknowns. Although the sample sizes are rather small, many unknowns (order of 1000 voxels) are generated due to the fine resolution of 1 mm 1 mm × × 10 employed. The MNP amounts that we consider in our study, vary between 0 and 10 mg Fe for each voxel. One of the phantoms, indicated by phantom 5 (see section 3), is considered the most demanding to reconstruct, as it only has small MNP amount differences between neighboring voxels and the MNP amounts vary only between 7 and 10 mg of Fe.
Stability, spatial sensitivity and reconstruction quality parameters
Different parameters are calculated to allow a thorough comparison between EPR and MRX on different aspects such as signal to noise ratio, independent information in the signal, etc. In total 3400 configurations are simulated (i.e. 40 different noise levels, 17 phantom lengths and 5 MNP distributions). The stability of the sensitivity matrix L n is generally investigated by looking at the normalized eigenvalues of the sensitivity matrix [23, 37] . The rate of decrease in amplitude of the eigenvalues is captured in the condition number ρ. A relatively slow decrease corresponds to a high stability of the matrix. We define ρ as the ratio of the largest eigenvalue to the mean eigenvalue of the sensitivity matrix instead of the ratio of the largest eigenvalue to the smallest eigenvalue. This definition of ρ makes comparison between sensitivity matrices with different dimensions more adequate [30] . ρ should be as low as possible. The quality of the MNP reconstructions can be assessed using the correlation coefficient (CC) [19, 28] . It is a measure for the correlation between c and c * with '1' meaning a perfect reconstruction and '0' no agreement at all. Furthermore, a spatial sensitivity parameter is employed, which is a measure for the impact of a voxel on the measurements and is calculated by taking the column norm of the sensitivity matrix [28, 29, 38] .
Results and discussion
Comparison between EPR and MRX imaging
The benefits and drawbacks of both techniques are investigated by inspecting their sensitivity matrix properties and the reconstruction quality of the five MNP phantoms. Figure 2 (a) depicts the normalized eigenvalue distribution for both methods for increasing lengths of the phantom cylinder. The eigenvalues are sorted following decreasing amplitude. MRX shows a slightly reduced stability in the solving of the ill-posed inverse problem and is more sensitive to increasing the number of unknowns compared to EPR. This can also be observed when inspecting the condition number values in the inset of figure 2(a). One could conclude that MRX is less stable than EPR, however some side remarks need to be taken into account. EPR requires significantly more measurements (6 to 10 times the amount of MRX measurements) for the same number of unknowns (see figure 2(b) ) because the sample needs to be moved for each spatial magnetic field configuration, making the technique considerably more time-consuming than MRX where the sample is not moved. The inset of figure 2(b) additionally shows that MRX requires significantly less measurements for a similar ρ (i.e. for a ρ of ≈230, EPR requires 4.5 times more measurements compared to MRX). Another fact that is negatively influencing the MRX stability is the considered fine resolution of 1 mm 1 mm × × 10 . This type of MRX setup is more suited for resolutions in the range of 1 cm 3 [29] . If a larger resolution is employed, the stability of the sensitivity matrix is improved because sufficient independent information can be added. The stability of MRX for the considered setup could be further improved by using smaller magnetization coils, more closely spaced magnetometers, cruder reconstruction resolution, extra magnetization coils above and below the sample or advanced MRX imaging techniques [28, 29] . The measurements with EPR can be made faster by reducing the number of movements or using multiple pick-up coils for measuring the EPR signal. However, this expansion requires intensive measurements and modeling to investigate the behavior of the response function, R(m, B(m)), for other configurations.
Figure 2(c) shows reconstructions, when noise is added to the sensor data, of a cylindrical phantom with a diameter of 8 mm and a length of 4 mm consisting of 576 voxels. For each SNR level (from 0 to 40 dB), 50 reconstructions are made and the mean and standard deviations of the CC are calculated. MRX depicts a slightly worse reconstruction compared to EPR especially for lower SNRs (0-10 dB) where it is observed that the reconstruction quality of MRX deteriorates faster than EPR due to the lower stability of the sensitivity matrix. Figures 2(d) and (e) show the mean CC of 50 reconstructions in the case of a SNR of 20 dB, for the five phantoms with increasing lengths, when using MRX and EPR respectively. Strikingly, different relative performances can be seen regarding some phantoms for each technique. This is related to the spatial distribution of the MNP within the phantom and suggests that in some cases both techniques are sensitive to other aspects of the phantom. This is again confirmed by figure 2(f) that depicts the (simulated) measurement signal in the EPR and MRX setup for the same phantom. Remark that the amplitude of the measurements and the number of measurements are normalized to allow a thorough comparison. As the shape and amount of the data is significantly different, one can assume that both techniques generate individual information from the same MNP sample. This is further supported by their normalized spatial sensitivity profiles that show the sensitivity of the modalities to a certain voxel of the volume. In figure 3 part of the sensitivity profile is shown for the 4 middle coils for MRX (left) and EPR (right). In MRX, voxels that are close to an activation coil and close to the sensors (above) are easily registered. Therefore, voxels in the middle and central layers of the sample have a lower spatial sensitivity in the MRX setup compared to EPR, because they are less activated by the coils and further away from the sensors. Indeed, in EPR, the particles in the middle layers have the best resonance condition towards the pick-up coil and have thus the highest sensitivity, while the voxels on the edge and central layers have a slightly lower sensitivity. There is additionally a translational and rotational symmetry of the volume, because of the movement of the sample. One should note that when the sample would be moved in MRX a similar symmetry would occur. Based on these results we can conclude that EPR and MRX offer distinct information about the MNP sample under study and especially with respect to their sensitivity to the spatial distribution of the MNP. Therefore, combining them might offer interesting possibilities that can improve MNP reconstructions. This is investigated in section 3.2.
Advantages of EPR-MRX imaging
In this section we numerically combine both sensitivity matrices into EPR-MRX imaging (equation (4)) to solve the drawbacks of both techniques (see section 3.1) and to increase the stability of the inverse problem.
In a first step the complete sensitivity matrices of both measurement techniques are combined to investigate the impact Figure 2 . (a) Normalized eigenvalues for the sensitivity matrices of EPR and MRX. Inset: ρ as a function of phantom size. EPR has a slightly higher numerical stability than MRX for this setup configuration and is less sensitive to increasing number of voxels. (b) Performed number of measurements for a given amount of voxels. EPR requires a large amount of measurements compared to MRX for equal sample sizes, making it time-consuming. Inset: MRX is able to achieve a similar condition number at far less measurements. (c) Averaged CC for 50 noise experiments for varying SNR using a fixed phantom. MRX and EPR achieve comparable reconstruction scores, however at lower SNRs the reconstruction quality deteriorates easier for MRX. Performed number of measurements for a given amount of voxels. EPR-MRX requires the total amount of MRX and EPR measurements, therefore EPR-MRX alternation was employed to significantly reduce measurement time. Inset: number of required measurements as a function of ρ. (c) Averaged CC for 50 noise experiments for varying SNR using a fixed phantom. EPR-MRX shows an increased CC for typically used SNRs, however at lower SNRs, the reconstruction results are comparable to EPR. EPR-MRX alternation shows equivalent reconstruction scores compared to EPR. (d) Averaged CC for a SNR of 20 dB using 5 phantoms with increasing lengths in the case of MRX, EPR, EPR-MRX and EPR-MRX alternation. The combined distinct information used in EPR-MRX yields (considered in 3400 configurations) increased reconstruction scores and on average an improvement of 6% in CC can be obtained.
on imaging accuracy and stability (similar as in section 3.1). Figures 4(a) and (b) illustrate the anticipated increased stability of EPR-MRX compared to EPR. The relative amount of MRX measurements is small compared to the amount of EPR measurements resulting in limited increase of stability. We thus assume that the stability will further improve for similar measurements of both MRX and EPR. The combined distinct information from both measurement modalities results in a higher CC for noisy MNP reconstructions ( figure 4(c) ). For lower SNRs the CC becomes similar to the one obtained for EPR. These reconstructions are performed for the same phantom as in figure 2(c) , also for 50 averaged realizations. On average (considered over all phantoms, phantom sizes and noise levels, i.e. 3400 configurations) an increase of reconstruction quality of about 6% can be achieved compared to EPR and MRX separately. In figure 4 (b) the number of measurements is still high because all the EPR and MRX measurements were added together. The amount of measurements was reduced by a factor two with EPR-MRX alternation in which each coil is activated separately with a certain measurement technique i.e. MRX is employed after activation of coil 1, while EPR is performed during activation of coil 2 and so on. This combined matrix has a similar stability (figures 4(a) and (b)) and a similar reconstruction quality compared to EPR, while requiring only half the number of measurements. Finally, 50 noisy reconstructions were done on the 5 phantoms at a noise level of 20 dB for increasing phantom lengths (similar as in section 3.1) with EPR, MRX, EPR-MRX and EPR-MRX alternation respectively. Using EPR-MRX, improved MNP reconstructions can be obtained, while EPR-MRX alternation achieves similar to improved CC compared to EPR.
The number of measurements for EPR-MRX was further reduced by minimizing the movement of the MNP sample (translational steps from 1 mm to 4 mm and rotation angles from 10° to 40°) and/or applying EPR-MRX alternation, see the black dashed curves in figure 5(a) , until measurement ratios similar to MRX are achieved. The measurement ratio scale is reduced for visualization purposes. Generally, the noise sensitivity is hardly affected by the measurement reduction in the case of EPR-MRX and a similar pattern as in figure 4(c) for EPR-MRX alternation is observed for all the reduced cases. When sample movement in EPR is limited, it becomes noise sensitive and similar noise behavior as for MRX in figure 2(c) is observed. The combined information of S EPR and S MRX thus results in an increased noise stability even when the number of measurements is significantly reduced. Figures 5(b) and (c) show the average CC of noisy reconstructions for the 5 phantoms at 20 dB using a combination of reduced sample movement and measurement technique alternation for a measurement ratio of 11 and 13 for 288 unknowns for EPR-MRX and EPR respectively. This is a measurement reduction of 88 and 87%. In the latter case all 16 coils are used and the sample is only limited in its movements through the magnetic field. Note that we did not explicitly include the time required to move the sample in the simulations, as this will be highly dependent on experimental realization. We assume this scales similarly as the reduction in sample movement. Due to the combined distinct information in EPR-MRX, MNP reconstructions do not deteriorate for decreased number of measurements and a similar reconstruction quality can be kept with respect to EPR with extensive measurements and a significant increase in CC compared to MRX is still achieved. Using EPR with reduced sample movement, reconstruction quality is diminished compared to EPR-MRX with similar reduction by on average 5%. This becomes apparent for higher number of unknowns where the combination shows a higher stability and corresponding CC (as was predicted by the inset in figure 4(b) ). To conclude, the combined approach of EPR and MRX allows to significantly reduce measurement time (with 88%), while keeping similar reconstruction results and noise sensitivity compared to EPR with extensive measurements and improved reconstruction scores to MRX and EPR independently with similar reduced measurements.
In this paper we investigated the advantages of the combination of EPR and MRX and especially how their combination can improve the quality of MNP reconstructions. Although both measurement methods can still be improved individually, their combination will always remain advantageous as long as their setup configurations generate distinct information from the sample. This can be investigated by calculating the spatial sensitivity profile or stability of the matrices. In the case of MRX, the drawback of the lower stability of the inverse problem in this configuration could be improved by positioning the sensors more closely and using smaller coils. This allows to activate and measure smaller regions of the sample and this way increase stability of the inverse problem and the resulting reconstruction quality. Additionally, advanced imaging techniques could be employed to increase reconstruction quality and stability of the inverse problem [28, 29] . In the case of EPR, the drawback of many sample positions can be reduced by employing multiple sensors, as in the case of MRX, instead of just one pick-up coil. This however requires extensive measurements and modeling to take this behavior into account. Another possible approach is to simulate movement of the sample using magnetic gradient fields, but then larger magnetic fields are required and the cost of the setup is increased. Note that the EPR measurements require movement of the sample which necessitates accurate knowledge on the position of the sample. This can be realized by attaching small coils to the sample and feed these coils with a known AC current, as performed in [16] . These coils are then measured by the SQUIDs and can be accurately reconstructed with MRX as point-sources, by employing their known magnetic moment. Hence, the coils are used as markers for determining the position of the sample. Other possible approaches to limit the accuracy requirements on sample positioning, are sample movement with use of a robot [39] or moving the sample only after all the required measurement at that position have been performed. In the future, research still needs to be done regarding their up scaling to human sized objects in order for their combination to be useful in clinical practice. As sample movement is not ideal from clinical perspective, the excitation, pick-up and magnetization coils could be moved instead of the sample. These could for example be inserted in a large, hollow tube which is able to internally rotate and translate. It is expected that the larger field of view, will necessitate increased power requirements for the coils. Currently, a lot of research is done on smart coil designs to reduce this issue [40] [41] [42] . In MRX, investigations on this are performed using a rabbit-sized imaging setup [18] . Future work should also include research based on adaptive feedback between both modalities, as this could possibly further improve reconstructions. One could for example perform a first reconstruction with EPR without or with limited sample movement and, based on this reconstruction, coils of MRX could be activated to target certain areas with MNP [21] . The feedback could also allow for error estimation. Another approach could be to use the tissue information in the EPR signal to build a tissue map and feed this into the MRX model. Then the inverse problem of MRX could be constrained to certain organs or regions. As the MNP relaxation behavior depends on the viscosity of the surrounding tissue, therefore only particles with a certain relaxation behavior should be reconstructed in this region. This way, the inverse problem would be further stabilized as only sub-volumes are considered and thus improved MNP distributions should be obtained.
Conclusion
A proof of concept is presented in which two promising MNP reconstruction techniques, EPR and MRX, are fused into EPR-MRX to improve their MNP reconstructions further. A comparative study between both techniques was performed in which sensitivity, stability and reconstruction quality parameters were calculated for 3400 simulated configurations, showing the complementarity in measurement data and sensitivity to the MNP distribution. By using their distinct information, we aimed at reducing the number of required measurements and the stability problems when solving the inverse problems, while improving MNP reconstructions. Their direct combination results in an average increase of MNP reconstruction quality with 6% considered over all simulated configurations. To speed up the EPR measurements, EPR-MRX alternation was investigated in which both measurement techniques are alternated for each magnetic field configuration. This way, a speedup of the measurements by 50% can be attained, another 38% speedup is obtained by limiting movement of the sample. With this tremendous reduction in measurement time, a similar reconstruction quality compared to EPR with extensive measurements could be achieved, while still having an increase in reconstruction quality of on average 5% compared to MRX and EPR with similar reduction in measurements. Based on this study further steps can be made to physically implement the EPR-MRX method with the intention to achieve high quality reconstructions of the spatial MNP distribution.
